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Abstract
This paper is based on a program to investigate the potential of multi-element annular arrays for practical
application in ultrasonic testing systems. The annular array is comprised of coaxially-located, ring-shaped
piezoelectric elements. By providing excitation pulses in a spherical time relationship, the transmitted beam
may be focused at a specific range. By electronic switching, the focal point can be placed at various distances in
the material under examination, Of particular interest is the length over which the beam can be held in
collimation. Fabrication methods, delayed excitation techniques, and beam patterns in water and steel are
described,
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ANNULAR ARRAY SEARCH UNITS AND THEIR POTENTIAL 
APPLICATION IN CONVENTIONAL ULTRASONIC TESTING SYSTEMS 
Jerry T. McElroy and Kenneth F. Briers 
Quality Assurance Systems and Engineering Division 
Southwest Research Institute, San Antonio, TX 
ABSTRACT 
This paper is based on a program to investigate the potential of multi-element annular arrays for 
practical application in ultrasonic testing systems. 
The annular array is comprised of coaxially-located, ring-shaped piezoelectric elements. By 
providing excitation pulses in a spherical time relationship, the transmitted beam may be focused at a 
specific range. By electronic switching, the focal point can be placed at various distances in the 
material under examination, Of particular interest is the length over which the beam can be held in 
collimation. 
Fabrication methods, delayed excitation techniques, and beam patterns in water and steel are 
described, 
INTRODUCTION 
This paper is based upon an internal research 
program at Southwest Research Institute (SwRI). 
The purpose of the program was to investigate 
the potential use of multi-element, annular array 
search units for practical applications in ultra-
sonic nondestructive testing systems. 
In all ultrasonic testing applications, con-
trol and directional manipulation of the ultra-
sonic beam are of utmost importance. Multi-element 
transducer arrays offer the potential of control-
ling the beam geometry and directionality by elec-
tronic switching and phased excitation. 
An important advantage of annular arrays as 
compared to standard fixed focused search units is 
their ability to be dynamically focused. The focal 
spot is automatically scanned over a predetermined 
depth range of the material under examination. 
Beam focusing is accomplished by a piezoelectric 
element, which has been segmented into closely 
interspaced, coaxially-located annular rings. Each 
element of the array is individually driven in a 
phased, controlled manner. The transmitted and 
received signals are accomplished by using multi-
channel pulsers and receivers. The system operates 
in the pulse-echo or pulse-receiver mode. The 
position of the beam focal spot is determined by 
providing excitation pulses in a given spherical 
time relationship. The location of the focal point 
is determined by proper control of the spherical 
time relationship with respect to each annular 
ring-shaped e.lement in the array. The array can 
be focused at different distances in the material 
under examination at electronic switching speeds, 
PROGRAM 
Through the course of this project, a variety 
of multi-element transducer arrays were designed, 
fabricated, and evaluated. A selection of proto-
type configurations is shown in Fig. 1. While 
some linear arrays were designed during this pro-
gram, the major effort was directed toward a 
study of annular arrays, There is very limited 
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information in the technical literature pertaining 
to annular arrays, 1- 2 while there is substantial 
information and current ongoing effort in linear 
arrays,3-ll 
Each array is comprised of coaxially-located, 
ring-shaped piezoelectric elements. Early array 
designs used masked electrode patterns on the 
piezoelectric element to assign the closely inter-
spaced active areas of the search unit. This tech-
nique proved to be unsatisfactory because of the 
inter-acoustic coupling (crosstalk) between the 
individual elements. A technique was developed 
using a circular cutting tool and abrasive powder 
to cut the piezoelectric element. The round piezo-
electric element was cut through 3/4 of the thick-
ness, thus dividing the element into the desired 
number of annular elements. This technique of 
cutting partially through the thickness proved 
effective in reducing the cross coupling to an 
acceptable degree, 
Figure 2 shows an example of an annular ar-
ray and the cutting tool used for this technique. 
By providing excitation pulses with a spherical 
time relationship with respect to each annular 
ring element, the transmitted beam may be focused 
at a specific range as shown in Fig. 3. Time 
delay schedules required for focusing are deter-
mined by the equation shown in Fig. 3. A com-
puter program was developed to expedite the com-
putations for various focal lengths. A number of 
annular array search units were designed and 
fabricated at 1.0, 2.25, 2.5, and 5 MHz with the 
number of elements ranging from 5 to 16. Table 1 
gives the physical characteristics of the arrays 
produced during this program. 
EXPERIMENTAL RESULTS, D-DEGREE LONGITUDINAL 
The geometry of the focused beams were inves-
tigated by measurement made in water. Figure 4 
shows a family of distance versus (vs.) amplitude 
curves recorded for a 1.5-inch (38 mm) diameter, 
2.5 MHz, 8-element, annular array. The theoreti-
cal distance at which the beam intensity should 
peak, based on the equation previously given, is 
lable 1. Physical characterisitcs of annular arrays produced in the program. 
Frequency 1.0 MHz 2,5 UHz 
Segmented 
Array 
2.5 11Hz 
Segmented 
Array 
2,5 MHz 2.25 MHz 5 11Hz 
Number of Elements 
Outside Diameter 
5 
38 mm 
(1.5) 
8 
38 mm 
(1.5) 
10 
38 mm 
(1.5) 
16 
38 mm 
(1.5) 
9 
19 1IDil 
(.75) 
9 
19 mm 
(. 75) 
Piezoelectric -----------------------Lead Metaniobate-------------------------------
Element Width 3mm 
( .125) 
1.65 mm 
( .065) 
3mm 
(1. 25) 
1.65 mm 
(.065) 
0,8 mm 
( ,032) 
0,8 mm 
(.032) 
Element Center 
to Center Spacing 
3.9 mm 
(.156) 
2.4 mm 
( .097) 
3.9 rom 
(.156) 
2.4 mm 
(.097) 
lmm 
( .042) 
lmm 
(.042) 
Space Between 
Elements 
0.8 mm 
(.032) 
0.8 nun 
(. 032) 
0.8 mm 
(0. 32) 
0,8 mm 
(.032) 
0.25 mm 
(. 010) 
0.25 mm 
(.010) 
Center Element 
Dia. 
6.3 mm 
(.250) 
3mm 
( .125) 
6.3 mm 
(.250) 
3mm 
( .125) 
2mm 
(,078) 
2 mm 
(.078) 
identified on 'the curves as FD (focal distance). 
The curve marked "Nonfocused Simultaneous Excita-
tion" describes the axial pressure distribution of 
the beam when all elements are excitated simultane-
ously and is typical of a nonfocused search unit of 
this size and frequency, 
To record a plan view of the beam intensity 
distribution, "C" s~an recordings were made for 
various excitation delay schedules and focal dis-
tances. These recordings, shown in Fig. 5, re-
flect good agreement with the distance vs. ampli-
tude curves shown in . Fig. 4. The dark tone in 
the recordings represents the beam distribution 
with the recording gate threshold set at a signal 
amplitude of 6 dB below maximum; the lighter 
tone is gated at 18 dB down. Recording in this 
manner, it was possible to image the side lobes 
that can be expected from annular arrays. With an 
amplitude of 12 dB below the majority of the beam, 
side lobes should not adversely affect the use of 
the array in most applications. Of primary inter-
est in these recordings is the length over which 
the beam is held in collimation, This capability 
would be advantageous in test applications where 
thicker material sections must be examined and good 
lateral resolution maintained, 
Fi·gure 6 shows distance vs. amplitude and beam 
width vs. distance plots made using 1/8-inch 
(3 mm), side-drilled hole ~eflectors in steel. The 
6 dB beam width plots showed that considerable beam 
collimation can be maintained in steel and was in 
good agreement with the "C" scan recordings made in 
water. The excitation pulse delay schedule used 
during these plots was the same as that used for 
the 7.5-inch (190 mm) FD shown in Fig. 4. The 
operating water path was varied to study its effect 
on the beam geometry in steel. 
The composite transverse and axial pressure 
distribution plot shown in Fig. 7 also displayed 
good correlation to the theoretical. A 1/8-inch 
(3 mm) diameter, receiver search unit was used in 
generating these x-y recordings. In this plot, the 
excitation pulse delay increment applied to each 
element was rounded off to the nearest 1/10 micro-
second without serious deviations in the desired 
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focal distance or overall. beam geometry, This 
effect, however, could not be achieved with annular 
arrays of higher frequency and shorter focal dis-
tances. For higher frequencies and shorter focal 
distances, the time delay increment must be main-
tained accurately to within 15 nanoseconds, 
EXPERIMENTAL RESULTS, 45-DEGREE SHEAR 
To allow the use of annular arrays in shear 
wave applications, the beam must be presenJ:ed to 
the material surface at an angular incidence, This 
results in a travel time difference to the material 
for the inclined portion of the beam vs. the de-
clined portion of the beam, The programmed phased 
relationship required for focusing at the desired 
depth in the material would be destroyed unless 
this time of flight difference were corrected. 
Figure 8 shows the distance vs. amplitude and 
beam width vs. distance performance of an uncbr-
rected annular array operating at 45 degrees in 
steel. Beam distortion resulting from the loss of 
correct phase relationship was apparent in the beam 
width vs. distance diagrams as the operating water 
path was varied from 25.4 mm to 101. Beam distor-
tion remained severe_, but showed some slight iin-
provement at the longer water path of 101 mm. At 
thi~ longer water path, the beam approached an 
in-phase condition, and beam distortion was mini-
mized, Longer operating water paths, however, 
were no solution because of the limited depth in 
steel at which the beam could be focused. 
To compensate for the difference in travel 
time with respect to the inclined and declined 
portion of the array would require additional time 
delay corrections in the excitation of the array, 
A segmented annular array was designed that divided 
the ring-shaped elements into two sections. This 
allowed each semicircular element to be addressed 
separately and delayed in excitation to correct for 
the angular incidence desired. Figure 9 shows this 
segmented array configuration. The center disc 
element is useu as a receiver. 
Figure 10 shows the distance vs. amplitude 
and beam width vs. distance performance for the 
segmented, time-corrected array at 45 degrees in 
steel. While total correction count not be 
achieved due to the semicircular geometry of the 
element, it was apparent that the severe distor-
tion was eliminated and a uniform focal zone was 
achieved even at the shorter operating water path 
distances, 
INSTRUMENTATION 
The multi-channel pulsers used in these exper-
iments were designed and built by the SwRI Instru-
mentation Research Division. The multi-channel 
pulser system is capable of pulse delay increments 
of 10 nanoseconds to 10 microseconds. Pulse width 
is adjustable, allowing optimized pulse duration 
for transducer frequencies of 1,0 to 5 MHz, 
This multi-channel pulser is synchronized by the 
trigger signal from a conventional ultrasonic flaw 
detector instrument. This allows the receiver, 
display, and gate sections of the conventional 
instrument to be used in a normal manner in record-
ing array performance data. 
It is forseeable that conventional ultrasonic 
flaw detectors could be used with multi-element 
arrays. With delayed pulser receivers addressed 
by computer, a 100 percent focused beam depth 
coverage of the material under examination could 
be obtained in one scan path. 
CONCLUSION 
The objective of this program was to investi-
gate the potential use of the multi-element, annu-
lar array search units. Several designs have been 
developed and their capabilities defined. Annular 
arrays have demonstrated some very desirable capa-
bilities. They have shown potential system per-
formance improvements that are compatible with 
conventional instrumentation and would not require 
complex additions to the system, The annular 
array search unit did not display improved resolu-
tion as compared to a fixed focus search unit. 
However., the array provides the ability to focus 
the beam at various distances in the material under 
examination. With the extended collimation of the 
beam, it produces a longer working zone. 
Segmented annular array configurations have 
demonstrated potential in applications where 
focused shear wave beams are desired, 
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Fig. 1 Prototype multi-element array configurations. 
Fig. 2 Abrasive cutting tool and piezoelectric annular array. 
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Fig. 3 Determination of excitation pulse delay schedule. 
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Fig. 4 Distance·versus amplitude performance for a 2.5 MHz, 1.5-inch (38 mm), 
8-element annular array. 
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Fig. 5 "C" scan recordings of 2.5 MHz, 1.5-inch (38), 8-element annular array. 
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Fig. 6 Distance versus amplitude and beam width versus distance in steel, 
0-degree longitudinal wave. 
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Fig. 7 Composite transverse and axial pressure distribution plots. 
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Fig. 8 Distance versus amplitude and beam width versus distance performance 
for uncorrected annular array at 45-degree shear in st~el. 
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Fig. 10 Distance versus amplitude and beam width versus distance performance 
for corrected segmented annular array at 45-degree shear in steel. 
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